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Screening studies of the binary alloys 
of columbium (Ref . 1) showed that chromium was an additive element worthy 
of intensive study. The screening studies showed that chromium additions 
were especially helpful in decreasing the oxidation rate of columbium at 
10000 C and were somewhat less beneficial at 12000 C. It is the purpose 
of this investigation to study the oxidation characteristics of binary 
columbium-chromium alloys in more detail. 
Inouye (Ref. 2) has shown that above 6000 C in air columbium scales 
according to the linear rate law. Brauer (Ref. 3) reported that the only 
oxide formed at elevated temperatures has the formula Cb 205 and exists in 
three allotropic forms. The low-temperature, or L-form, is stable between 
500 o and 900 ) Cj the intermediate temperature, or M- form, is stable between 
10000 and 11000 Cj and the high temperature, or H- form, exists above 11000 
C. Contrary to this, H- Cb 205 has been reported (Ref . 2 ) to form during 
the oxidation of pure columbium at temperatures as low as 8000 C. L- Cb 205 
is isomorphic with Ta205 (Ref. 3), and, according to Zachariasen (Ref. 4), 
it has a pseudohexagonal orthorhombic crystal ~G ~t Op~e structures of 
the M and H forms are not known, but they are simil ~~to each other and Loan pxplr~ 
s on covp.r 
quite different from L-Cb205 (Ref. 3). Kubaschtwski F(Ref. 5~ tentatively 
lists Cb205 as a metal-excess semiconductor. 
is white to yellow-white. 
The~ co~or of columbiUm oxide 
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Numerous investigations have shown that chromium oxidizes in air 
above 500' C in a parabolic manner (Ref. 6) .  
the only stable oxide in air at elevated temperatures. Its crystal struc- 
ture has been reported as hexagonal (Ref. 7) and as orthorhombic (Ref. 8)- 
There is also some question as to whether Cr203 is metal-excess (Ref. 9) 
or metal-deficit (Ref. 10). 
The green oxide, Cr203, is 
Columbium and chromiumfarm anintermetallic compound, CbCr2, as in- 
dicated in the phase diagram in Fig. 1 (Ref. 11). The solubility of chro- 
mium in columbium is limited to about 12 to 13 atomic percent even at the 
high temperature of 1500' C and is undoubtedly less at lower temperatures. 
The free energy of oxidation of columbium is much lower than that of 
chromium, so that the oxide formed on columbium-chromium alloys with high 
columbium concentrations would tend to be substantially Cb2O5. Chromium 
would be expected to be present as the plus-3 ion, corresponding to the 
Cr+3 ion in Cr203. Because the Cr+3 ion and the Cb+' ion are very similar 
in size, a high degree of solubility of chromium in the oxide of columbium 
can be expected. The replacement of Cb+5 ions by ions of similar size but 
lower valence might stabilize the scale and make it mechanically more sound. 
This was suggested by the results of the screening studies (Ref. 1). 
In the present detailed studies, continuous weight-gain curves were 
determined at 800°, 1000°, and 1200' C for columbitmlt alloys containing 0.8 
to 11.6 atomic percent chromium. 
could be determined. 
From these curves the degree of protection 
PROCEDURE 
Specimens were prepared from high purity (99+percent) -325 mesh 
columbium from Fansteel Metallurgical and electrolytic chromium powders by 
1 
. '  
- 3 -  
the powder metallurgy method described in reference 1. 
were in the shape of disks, measuring 1/2-inch in diameter by approxi- 
mately 1/8-inch in thickness (approx. 2 grams in weight). 
details are summarized in table I. Sintering was done in both purified 
argon and vacuum. 
The specimens r --' 
Processing 
The processing Of the alloys was complicated by the high volatility 
of chromium at the sintering temperatures. This made the control of - 
both the composition and porosityk difficult. Although the starting com- 
positions contained as much as 17 atomic percent chromium; the final 
composition after sintering was limited to about 12 atomic chromium. 
Three groups of columbium-chromium alloys were prepared as shown in 
table 1. 
chromium. 
sonably successful in reducing the loss of chromium except for the 17 
a/o chromium alloy. Group 3 specimens were sintered an extra half hour 
at 3500 F to increase their homogeneity. The nominal compositions Of - 
the group 3 alloys were selected on the bases of results from the first 
two groups 
losses. 
Group 1 specimens were sintered in vacuum and lost considerable 
The use of argon during sintering group 2 specimens was rea- 
0 
and the use of argon during sintering again reduced chromium 
The densities listed in table I were determined from the differences 
in the weights of sintered specimens suspended in air and in water, and 
compared with a theoretical density calculated by assuming a solid solu- 
tion. 
performed on group 1 specimens due t o  a lack of a sufficient number of 
samples. ) 
(Neither density measurements nor X-ray diffraction studies were 
w 
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The specimens with low chromium contents were duc t i l e  and e a s i l y  re- 
pressed a t  room temperature. A t  high chromium contents (about 7 percent 
and more) t he  specimens w e r e  more b r i t t l e  and increasingly d i f f i c u l t  t o  
repress  without cracking. This b r i t t l e n e s s  i s  probably associated with 
the  presence of a second phase i n  the grain boundaries (Fig.  2(b)).  Ac- 
cording t o  the  phase diagram, the  second phase is  C b C r 2 .  
t i o n  of t he  second phase was too low t o  detect  by X-ray d i f f r ac t ion .  
The concentra- 
After s in t e r ing  the  specimens were polished through 3/0 emery paper 
and cleaned i n  acetone. Individual specimens w e r e  suspended from one arm 
of a chainmatic balance i n t o  a ve r t i ca l  tube furnace t h a t  w a s  c losed at  
the  bottom and open a t  the  top. 
1200' C .  
t he  specimen. The oxidation runs were f o r  2- hours, during which time the  
specimens were weighed at  frequent in te rva ls  without removal from t h e  fur- 
Tests were conducted a t  800°, 1000°, and 
Temperature w a s  measured by a thermocouple located adjacent t o  
1 
2 
nace. After the  t e s t  the  oxide w a s  examined v isua l ly ,  t he  d-values deter- 
mined by X-ray d i f f rac t ion ,  ahd the  composition determined by chemical 
analyses.  Metallographic specimens showing the  s t ruc tu re  of the  metal and 
oxide w e r e  prepared whenever t h e  oxide w a s  s u f f i c i e n t l y  sound t o  permit 
mounting and polishing. 
RESULTS 
The descr ipt ion of the  oxides and t h e i r  compositions are summarized 
i n  table 11. By comparing the  r e su l t s  for similar compositions i n  d i f -  
fe ren t  groups, it can be seen t h a t  the f ab r i ca t ion  technique had no ap- 
preciable  e f f e c t  on the  sca le  charac te r i s t ics .  
- 5 -  
Chexdical analyses of the  scales showed t h a t  at a l l  temperatures the  
chromium i n  the  sca le  increased as the chromium content i n  t h e  a l loy  in-  
creased and a l so  t h a t  t h e  chromium was present as the  +3 ion.  
Tables 3 and 4 l i s t  d-values and i n t e n s i t i e s  of t h e  various oxides 
0 0 formed on these columbium-chromium a l loys  a t  800 and 1000 C. These are 
compared with interplanar  distances f o r  the  oxides on pure columbium ob- 
ta ined  i n  t h i s  invest igat ion and those reported by Inouye (Ref  ., 2) * 
A t  800" C t h e  colors of the scales ranged from a l i g h t  t an  a t  low 
chromium contents t o  a dark brcwn at  high chromium contents as contrasted 
t o  white t o  yellow-white f o r  pure columbium. The type of sca le  went from 4k 
a th ick ,  adherent, disk-like sca le  at low chromium contents t o  a very thin, 
hard, adherent, disk- l ike sca le  a t  around 5 atomic percent chromium. With 
increasing chromium c o n t e n t s , i t s t e x t u r e  gradually became powdery, and t h e  
sca le  f i n a l l y  became a nonadherent powder a t  around 10 atomic percent 
chromium a 
X-ray d i f f r ac t ion  pat terns  of the sca le  (table 3) showed only the L- 
form of Cb2O5 t o  be present at  a l loy  concentrations up t o  about 4 atomic 
percent chromium. Certain "d-values" o f  these scales  appeared cons is ten t ly  
smaller than the  corresponding d-values of t h e  sca le  on pure columbium, 
which is  also t h e  L-form of Cb205 at  800" C .  
d i t i o n  o f  chromium has eontracted c rys t a l  l a t t i c e  of the sca le  i n  some 
d i rec t ions .  
s l i g h t l y  contracted i n  ce r t a in  directions compared t o  the H-form found on 
pure columbium reported by Inouye ( R e f .  2 ) ,  w a s  found along with the con- 
t r a c t e d  L-form - 
w e r e  a l l  s ing le  layered. 
This indicates  t ha t  the ad- 
Above 4 atomic percerit chromium, t h e  H-form of Cb205, a l so  
Metallographic examinations indicated tha t  the sca les  
, 
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Figure 3 shows the  scales  formed on pure columbium and on group 2 
1 specimens after 22 hours oxidation a t  800' C .  
i n  s ca l e  character with changes i n  t h e  chromium content of t he  a l loy .  
The sca l e  on the  specimen containing 4.86 atomic percent chromium; was 
t h e  th innes t ,  hardest ,  least porous, and most protect ive of any of t he  
sca les  found on the  columbium-chromium a l loys  a t  any of t he  temperatures. 
A photomicrograph of t h i s  sca le  is shown i n  the  i n s e r t ,  The porosi ty  i n  
t h e  sca l e  i s  s imilar  t o  t h a t  i n  t h e  metal, except t h a t  the  smaller pores 
i n  the  metal a r e  nc t  present i n  the  scale .  This i s  probably due t o  s in-  
t e r i n g  of t he  sca le .  This sca le  was extremely tough and adherent; it 
could not be separated from the  metal by scraping with a kni fe ,  
containing 9.9 and 10.2 atomic percent chromium had s;.&led t o  f i n e  powder 
after 2~ hours a t  800 
It i l l u s t r a t e s  t he  change 
Specimens 
ii 1 
C, 
A t  1000° C t he  colors of the  scales ranged from a l i g h t  green a t  low 
chromium contents t o  a dark o l ive  green a t  the  higher chromium contents. 
With increasing chromium contents, the scales  went from th ick ,  disk- l ike 
scales  which tended t o  s p a l l  on cooling Zo  f a i r l y  th in ,  disk- l ike scales  
with a very s l i g h t  tendency t o  s p a l l .  
t h e  dark green scales  a t  chromium contents of approximately 7 percent and 
higher but  not as a d i s t i n c t  l ayer .  X-ray d i f f r ac t ion  pa t te rns  (table 4) 
showed t h a t  t he  H-form of Cb205 w a s  always preser,t with no apparent con- 
t r a c t i o n .  The brownish overcoat, when it appeared, was a lso  of t he  normal 
H-form of  CbZO5' 
scales  were a l l  sir,gle layered S d  f a i r l y  nonporous. 
A brownish overcoat w a s  noted on 
Metallographic examinations again indicated t h a t  t he  
0 A t  1200 C oxidation r a t e s  and scale character w e r e  very poor and only 
one group of speeimens (group 2 )  w a s  studied. Although very high chromium 
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contents might give good oxidation resis tance,  such a l loys  would be 
b r i t t l e ,  as mentioned e a r l i e r .  
Figure 4 shows the  continuous weight gain against  time curves at  
and a t  1000° C f o r  a l l  three  groups of specimens. 
0 
800 
dat ion rates vary from one group t o  another depending upon the  fabr ica t ion  
technique (which a r e  discussed later) t h e  e f f e c t  of changing the  chromium 
concentration on the  oxidation rate is similar i n  a l l  three  groups. 
800 
approach l i n e a r i t y .  As t he  chromium content i s  increased, oxidation be- 
comes slower and the  curves tend t o  become parabolic.  
groups 2 and 3 indicate  that an optimum chromium concentration e x i s t s  f o r  
bes t  oxidation resis tance,  and t h a t  i f  t he  chromium concentration i s  in- 
creased beyond t h i s  point ,  oxidation becomes more rapid.  
r e s u l t s  f o r  group 2, the  optimum concentration i s  within the  range from 
1.58 t o  9.9 atomic percent chromium, and, according t o  the  r e s u l t s  f o r  
group 3, the  range is  fur ther  narrowed t o  between 6.34 and 9.15 atomic per- 
cent chromium. Referring back t o  the r e s u l t s  $DE group I, the  optimum con- 
cent ra t ion  must be above 7.23 atomic percent  chromium. 
chromium content f o r  low sca l ing  r a t e s  a t  800' C appears t o  be about 8 
atomic percent. The decrease i n  oxidation res i s tance  at higher chromium 
concentrations w a s  associated with atendency of t he  sca les  t o  become pow- 
dery i n  texture ,  as is  very evident i n  t he  photographs i n  Fig. 3. F r o m  the 
standpoint of sca le  character,  the  soundest sca le  was that on the  specimen 
i n  group 2 containing 4.86 atom-lc percent chromium. 
t h i s  specimen was a lso  qui te  low. 
Although the  oxi- 
A t  
0 
C and low chromium concentrations, oxidation i s  rap id  and the curves 
The r e s u l t s  f o r  
According t o  the  
Thus the 0pttmt.m 
The sca l ing  rate of 
L 
- 8 -  
0 The r e s u l t s  at  1000 C indicated t h a t  t he  oxidation res i s tance  w a s  
cont inual ly  improved as the  chromium content was increased and tha t  no 
optimum concentration ex is ted  within the  range studied. The improvement 
i n  oxidation rates due t o  chromium was more pronounced i n  group 3 than i n  
t h e  other  two groups. The oxidation rates at 1000° C are not widely d i f -  
f e r e n t  from t h e  rates a t  800’. C .  
0 Only specimens i n  group 2 were run i n  oxidation tests at  1200 C .  
A t  t h i s  temperature, t h e  oxidation curves were e s sen t i a l ly  l i n e a r  and the  
rates w e r e  very close t o  t h a t  of pure columbium. 
DISCUSSION 
On the  basis of t he  free energies of oxidation of columbium and chro- 
m i u m ,  it was expected that the  primary oxide formed on columbium-chromium 
a l loys  ( i n  t h e  composition range studied) would be Cb2O5. It was fu r the r  
expected t h a t  any chromium t h a t  oxidized would be i n  t h e  sca l e  as the  C r  
ions ,  and because of t h e  similarity in  s i z e  between the  Cr+3 ion and t h e  
(3” ion,  t he  chromium would dissolve i n  the  sca le  by subs t i t u t ing  f o r  -? 
t he  columbium. These e f f ec t s  a r e  confirmed by the  cbserved color  changes, 
the chemical analyses, and the  X-ray d i f f r ac t ion  analyses of the sca les .  
+3 
0 
A t  800 C the dissolved chromium had two e f f ec t s  on the  sca l e  s t ruc-  
t u r e ,  F i r s t ,  at  a l l  chromium compositions, it contracted the Cb2O5 lat-  
t i c e s  ( t ab le  3) ;  and secondly, above about 4 atomic percent chromium, it 
promoted the  formation of the H-form o f  Cb205 as well as t h e  more normal 
L-form ( i n  the  low and Lnalloyed columbium used i n  t h i s  study only the 
L-form of the sca l e  was evident a t  t h i s  temperature), In  t h e  composition 
range of 4.5 t o  9 atomic percent chromium there appears t o  be a c r i t i c a l  
r a t i o  of  the H and L oxide s t ruc tures  which r e s u l t s  i n  a hard, mechan- 
i c a l l y  sound, and adherent sca le .  Below t h i s  range of compositions only 
. 
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t h e  L-form exis ted  and t h i s  was porous and not protect ive.  
composition range, there  was apparently an excessive amount of t h e  H-form 
and the  sca le  became powdery, 
study occurred i n  t h i s  composition range, between 4,s and 9 atomic per- 
cent (a group 2 specimen 
Above t h i s  
The best  appearing sca le  observed i n  t h i s  
containing 4 86 atomic percent chromium) . 
A t  1000° C only t h e  H-form o f  Cb205 was found. As i n  t he  case of 
severa l  of t he  scales  a t  800' C, dissolved chromium apparently a l t e r e d  
the  l a t t i c e  enough t o  make the  scale more stable and mechanically sound. 
Increasing amounts of chromium within the  range s tudied improved t h e  char- 
a c t e r  of the  sca le  and reduced oxidation rates. 
formed at 1000° C was not so tough as t h e  scale  formed at  800' C on the  
4.86 a/o chromium specimen. 
However, t h e  best sca le  
A t  1200' C although t h e  chromium dissolved in to  t h e  Cb205 l a t t i c e  
t o  about the  sane degree as a t  800' and 1000° C ,  it was of l i t t l e  value. 
The sca les  were porous and obviously unprotective. The lack of improve- 
ment obtained here by chromium additions,  as compared t o  t h e  s l i g h t  im- 
p r o m e n t  obtained i n  the screening studies at 1200 
have been due t c  the  f ac t  t ha t  i n  the dcreening s tudies  the  moisture con- 
t e n t  of the oxidizing air  was controlled, while  i n  the  s tudies  reported 
herein t h e  air  was not dr ied,  
0 C ( R e f .  11, may 
Fabrication technique w a s  found t o  influence the rates of oxidation; 
e . ,g , ,  specimens of grogp 3 generally h&d lower rates of oxidation than 
group 2. This might have been due t o  chromium enrichment or depletion 
a t  the surface due t o  the  high v o l a t i l i t y  of chromium during s in te r ing ,  
t o  the  degree of porosity,  or the degree of homogeneity. 
indicated no difference i n  chromium concentration i n  t h e  surface layers  of 
Chemical analyses 
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of s in t e red  specimens i n  groups 2 and 3 from t h a t  i n  the body of t he  same 
specimens. Metallographic examinations showed t h a t  porosi ty  had no e f f ec t  
on the  rate of growth of t he  oxide scale s ince t h e  oxide in te r face  did not 
advance faster through the  pores. More complete homogenization i n  the  
group 3 specimens ( resu l t ing  from the l a rge r  s in t e r ing  time a t  3500' F) 
may have accounted f o r  t he  generally lower oxidation rates as compared t o  
those of the specimens i n  the  other  two groups. Improvement i n  fabr ica t ion  
techniques might further improve the  oxidation res i s tance  of columbium- 
chromium a l loys .  
Figure 5 summarizes the  improvement obtained i n  the  oxidation re- 
siskance of columbium by addi t ions of chromium and compares t h e  rate of 
oxidation t o  t h a t  of several  familiar materials, iron, nickel ,  and nichrome. 
The curve f o r  unalloyed columbium has a slope of uni ty ,  indicat ing t h a t  t h e  
oxidation rate i s  l i nea r  and t h e  scale i s  nonprotective. The curves f o r  t h e  
remaining materials have slopes of close t o  one-half ind ica t ing  t h a t  t h e  
oxidation rates are near ly  parabolic and the  scales  are pro tec t ive  (i .e., 
oxidation is  diffusion control led) .  
cent chromium, which had the  most mechanically sound scale and one of t h e  
The a l loy  containing 4.86 atomic per- 
lowest oxidation rates of the  columbium-chromium a l loys ,  has an oxidation 
rate very close t o  tha t  of pure i ron and 600 times tha t  of carinmercial . _ c  
nichrome a 
The oxidation rates f o r  t h e  columbium-chromium a l loys  were not s ig-  
0 n i f i can t ly  greater at  1000° than a t  800 C ,  probably due t o  the s in t e r ing  
of  the  sca le .  Thus, t he  oxidation r a t e  of t he  best columbium-chromium al- 
loy at  1000° C (11.6 atomic percent chromium, group 3) was roughly 110 times 
t h a t  of nichrome. This is  a considerable improvement over t h e  r e l a t i v e  
rates a t  8 0 0 ~  C. 
. 
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SUMKAAY OF RESULTS 
This invest igat ion has shown tha t  a mechanically sound oxide sca le  
can be produced on columbium by the  addition of s m a l l  amounts of chromium. 
A t  800 C an optimum chromium concentration f o r  t h e  soundest sca le  and 
lowest oxidation rate was found t o  ex is t  at  about 5 t o  8 percent.  
C both the  sca le  charac te r i s t ics  and t he  oxidation rates improved with in- 
creasing concentrations of chromium. However, t he  chromium content may be 
l imited by fabricat ion d i f f i c u l t i e s  associated with the  b r i t t l e n e s s  of 
a l loys  containing more than about 7 a/o chromium. 
no appreciable e f fec t  i n  the  range of compositions s tudied.  
0 
A t  1000° 
A t  1200' C chromium had 
Although the  oxidation r a t e s  f o r  t he  columbium-chromium a l loys  were 
less than f o r  pure columbium, the  rates were s t i l l  too high f o r  the  pro- 
longed use of columbium-chromium al loys a t  elevated temperatures. 
CONCLUDING REMARKS 
Because the scales  on the best  columbium-chromium a l loys  are mechani- 
c a l l y  sound and diffusion controlled further improvement by lowering the 
ionic  diffusion r a t e s  by the  addition of other  elements should be possible .  
Third and fourth alloying elements might a l so  be of value by forming spinels  
o r  pro tec t ive  underscales. 
b i l i t y  of achieving a high degree of oxidation res i s tance ,  it appears rea- 
sonable t o  presume t h a t  an a l l o y  can be developed tha t  could be c lad  w i t h -  
out the danger of catastrophic failure i n  case t h e  cladding ruptures.  
Although it i s  d i f f i c u l t  t o  assess t h e  feasi- 
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